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By Walter T. Olson and Adelbert O, Tischler

SUMMARY

The purpose of the tests mnde were twofold: (a) To deter-
mine the relatlonships for estimatlng the meximum amount of a
water-soluble gasoline addltive that will diffuse from the gaso~
line to the water when the fuel is stored over water and (b) to
determine from these relatlonships the amount of xylidines that
will diffuse from the gmeoline to the water in an overwater—
storage systeme A physlcal oxpression for the loss of water-
soluble addltive was derlved for each of the folloving conditlons
of storage~tank operationi

(1) Bquilibrium distribution of additive between the two
layers is nearly attalned during the period between successive
additions or withdrawals of the fuol but, during the actual addi~-
tlon or wlthdrawal of fuel, no significant transfer of additive
occurs between the gasoline and water layers.

(2) Equilibrium distribution of additive between the zZmsoline
and the water layers exlsts at all times.

The estimated velues of xylidines concentration in fuel stored
over water wore chocked agalnst such experimental data that existe

The derived formules for estimating the loss of water—soluble
additive in ovorwater gasoline storage cheok rcasonably well with
the experimental data avallablees

The estimated loss of xylidines from gasoline stored over
vater for tho condltlons of storage-syetem operation indicated
aro as follows?!




PERCENTAGE DECRETASE OF ORIGINAL CONCENTRATION OF X?IDDTES IR GASOLINE
[ Distribution coofficient, X = 20

Volume porcontage| Condition
of original fuel {Continuous |[ZFach batch removed, Single batch .
remeining 1n tank|equilibrium | 10 percent of tank romoved

- volume
80 1l 1 1
50 3 b 4
20 7 8 17
10 10 12 31
1 1 19 85

The data indlocate that the losses of xylldines from gasollnoe stored
over water would not be cxeossive provided that not more than 80
porcent of the fuel was replaced by xzylidine-free water.

INTRODUCTION

When gasoline contalning a water-soluble addlitive, such as xyl-
1dines or anothor aromatic amine, ls stored in contact with water as
is the case 1n the widely used overwator-storage systems, tho water
extracts a cortain amount of the additive from tho gesolinos This
report presents rclationships for estlmating the concentration of
additive as a functlon of the volume of gasollne stored in an over-
wator system and evaluates from thesc rclationships tho sultabllity
of xylldine-blended fuel for overwatcr storagoc.

Although 1t is unlikoly that ¢ single satisfactory equation for
use under all conditions encounterod in practice can be writton,
cortaln assumptions permit mathematical derivations of expressions
for the concentration of additive in fuol stored over waters An
expresslon for the concentration of xzylidines in gasoline storod
over water had previsusly been glvcn in a memorandum by the Puatro-
leum Administration for War. One obJect of the present cnalysis
is to determinoe a suitable expression that covors a wlder range of
situations than does the equation presented in this momornndum,

A secondary object of the anclysis 1ls to present an equation
that can be epplied to the operation of tho overvater-storngc system
whore nmumerous very small batches of fuel are successivcly ronovoed
from the tank, for example, 1n servieclng elrcraft directly from a



large overwater—storage tank, The results of a test on a full-
acale, overwater-storsge system conducted with xylidine-blended
fuel by the Army Air ¥orces (Reps Hoo ENG-57-531-216) provide an
“ Incomplete check on the derived relatlionshipe for additive con-
centrations

The analysis was performed at the Alrcraft Englne Research
Laboratory of the Eational Advisory Committee for Aeronauntics
Guring June 1943 and January 19Wi,

ANALYSIS

In the operation of an overwater-storsge-aystem tank, fuel 1s
vithdrawn from the tank by adding vater at the bottom of the tenk
end fuel is added to the tank by the ramoval of storage water from
the tank, The tenk contains two phases, one of gasoline and one
of water, and 18 full of liquid at all times,

Agsumptlions

In the determinatlon of the expressions for the concentration
of addltive in fuel stored over water at any volume of fuel, tiao
following assumptlons apply to the analyses:

l. ¥hen equillbrium conditions are reached, the distribution
law applies to the additivc; namcly, the ratio between the concens
tratlons of tho additive 1n the two phases of the gasolino-~water
syatcm 18 conatant at constant tomperature. The ratio is described
es the distribution coefficlont and defined as

K= additive concentration in gasolino phase
addlitive concentration in water phase

This constent migt be experimentally determined for each addi.-
tives It waries with tomperaturc of the fuel and water and with
the nature of the fuele. Any varlation in the distrlbution coeffi-
clent caused by additive concentration may be assumed to be negli-
glble in the range of concentratlons produced by the distribution
Procoss,

2: Thn volumo of tho additivc itsolf, whon prosemt to tho
oxtont of 2 or 3 porcont or loss, 1s nogliglible by comparison with
tho volumos of gnsolino and wators The oqulilibrium concontratlon
1s the minimum concentration of sdditivo in the fuol at tho volumo
in dquestlon,



Symbols
Thoe follorlng symbols are usod in the analyses:

K ga.aolin)e—uater distribution coofficlent (experimentally detor-
mined

X concentration of additive in gnsoline before addition or roamovnl
of portion of fuol

X concentration of additivo in gasolino after addition or romoval
of portion of fuocl (at equilibrium)

L) volume of storagc tank

volume of fucl 1n tank boforoc addition or removal of portion
of fuol

Tg' volumo of fuel in tank aftor addition or rcmov~l of portion
of fuel )

V, volume of water in tank before addition or removal of portion
of fuel

Y,! volume of wator in tank after additlon or removel of portion
of fuel

V¢ volume of fuel addod or vithdrawm (Ve w Vg!' — Vg)
Z2 concontration of additive ir fucl sdded or withdrnwn

Y concentration of additive in water added or withdrawn

Dorivations

Becausc the manner ln whica an overwater-storage system 1s
operated 1s one of tho most lmportant varlebles lnfluenclng the
additive concentration in the stored fuel, two cascs represcnting
two very different operatling proccdures have been studied.

Qage ls ~ Case 1 18 Intended to opply to successive addltions
or withirawals of fuel stored in contonct with water whon an apore~
cleblo perlod of tims has clapeed betwoen each additlon or withe
- drawal,.



This situation will be approximated dy assuming that, during. .
the actual addition or withdrawal of fuel, no additive is trens-
ferred between .the gasolline. and.water phases but that equilibrium
dlstributicn of additlve between the two phases is attained during
tho period between succeseive additions or withdrawals of fuel.

This assumption is made on the basis that the rate of diffusion of
additlive between the two phases 1s slow, Obviously, the longer the
period betweon additions or withdrawals of fuel, the more preclgely
will the equation agrer with the actual situation., (Quantity of
additive in gasoline after addition or withdrawael of fuel but beforse
equilibrium) + (quantity of additive in water after addition or with-
drawal of fuel but before equilibrium) « {ouantity of additive in
gasoline efter oquilibrium)+ (quantity of additive in water after
equilibrium),

(xvg+zvi)+évw YW\ = X' (Vo +7p) + x (Vg = V5 (1)
Q:i-'_ v /

If the terms are expanded and cwllected

EXVv_ + KZV, + XV_ -~ KYV
f
b £ __ f A (2)

KV, + KV, + VT, - Vg

vhich 1s for general use,

If fucl 1s dieplaced from the tank by fresh wanter, Z = X,
YT=a0, Vg'uvg'l'vf, &nde'=vw"Vf. Then

”,
/ 1

X' = xfl"_:ff_' (3)
\lw' * £Vg;

Losc 2, =~ Case 2 apnlies t2 succocssive smnll wlthdrawals of
overwater stored fuel cver an approciable length of time. In crder
to approximate this sltuatlon, it 1s acsumed that equilibrium dls-—
tributlon of addltive between garclinc and water exists at asll times,
An equation ¢f this sart permite eveluation :f additive concentration
undur clrcumstances where withdrawels of fuel have been small, com=
pared with the tank capacity, but very mumercus, The aquation may
thus be ccnsidered as the result of applying the equaticons of case 1
tc an infinite number ~»f steps, with equilibrium established be—
tween cach step. (Quantity cf additive in fuel stcred over water) +
(quantity of edditive in weter) = (gquantity cf additive in stored




fuel before removal of small increment) + (quantity of additive

in water before addition of increment of fresh water)i-(quantity
of additive removed in small increment of fuel). Let AX = X' --
x'.' Avg = vg' - vg' and AVV' - v"' - VW.

X'Vgi +'-‘x-l;%!-'. = X' - AX (Vg' - AVE) +(_1'_E_Q_AX_) vw_'— AVW)'F (x' - AX) Avg

(1)

If gecond-order differentials are removed, equation (4) cen be
expanded and simplified:

~X1 AV, = (x:vg';;' v,,,'> AX (5)
But~ Vy m AVy and V' « V- V,'. Therefore,
A AVg (6)

T TS B-D F TV

3y integration from any concentration X and volume V_, to X' and

ve' 1 ¢
Fot (x - 1)+v> el
.=
X x&g e ("
DISCUSSION

Recently a full-scale, overwater—storage test of xylidine-
blended fuel was conducted by the Army Alr Forces. In this test,
8105 gallons of aviation fuel were stored 1n a water--disgplacement
tank of 25,000-gallon capacity and immediately samples and analyzed,
Periodically, the stored gasoline was sampled and analyzed and part
of the stored fuel was removed, Because the process is a "batch"
process, equation (2) 1s applicable, The test provides an evalua-
tion of the equation for the particular conditioans,

For an assumed average temperature of the tank contents of
about 65° F and for fuel dlsplacement with fresh water, a volume
digtribution coefficient of 17 wag selected for xylidines from
reforence 1.

Table 1 compares the results of the full-gcale, water-system
tost with the equilibrium concentration as calculated from egquation
(2)., Tor this particular test, the calculated results agreed well
with the experimental data.



" TABLW 1, - STORAGE-SYSTEM THSTS

Sample tekon® May 27 June 7 |June 19| July 3 Julyh}3
1943
Fuel in tank before 8105 8105 6105 2105 1105
- removal of batch, . . .
gal

Water in tewk before| 16,895 | 16,895 (18,895 |22,895 |23,895
removal of datch, .

gal
Tuel removed, gel (fuel placed | 2000 4000 1000- | 1105
in storage :
system)

Xylidines, 1.05 (b) 0.94 0.825 | 0.815
grams /100 ml 8 «826 .83 .82
(electrometrically)| Mean 1,01 .826 (c)

.82

Equilibrium concen—- | (calculated d0.900 ®.886 { 0.825 | 0.806

tration, X' from equa~
tion (2))

a'.Anall.ys.’t.s indicated under each date 1ls prior to removal from the
ptorage tank of the quantity of fuel indicated under that date.

bSample was inadvertently mixed with some xylidine~free fuel,

®The fuel stored over water gave a nogligible decrease in knock
ratings,

Bample calculation for run on June 7. ~ Because the tank contailned
no fuel prior to the addition of the 8105 gallons on Mey 27,
Vg=0, X=0Q, and Y = 0. Therefore, from equation (2)

(17) (1.01) (8105)
® 117y (€105) + 25,000 ~ 8105
= 0,907 (equilidbrium concentration attained on
‘gtanding)

8gample calculation for run on June 19, - In thie case, 2 S X and
Y=0. Equation (2) therafora becomes equation (3) and

16,895 + (17)  (6105%)
X' = 0,500 (18 S ) (6105))
= 0,886




Figure 1 ghows normelly antlclpated additive concentration 1in
fuel stored over water for three different types of operatica of
overwater—storage tanks. A volume dlstribution coefficlent of 20
ig essvmed, inasmuch as experimental values ranged from 13 to 26 for
xylidines (reference 1). One of the curves represents fuel dis-
placed from a full tenk ln euccessive small increments over a pericd
of time sufficiently long fcr equllidbrium to exist at all times; it
is a plot of equation (7). The curve that indicates the concentra-
tione exmected 1f funl ie disvlaced from a full tank in successlve
quantities (each 10 percent of the total tenk volume) and if equilib-
rium exists between fuel withdrawals 1s derived from ecuation ?2).

The curve for a eingle batch removed shows the concentraticn expected
1f fuel 1s displaced from a full tank in a single, fairly rapnlid opera-
tion with equilibrium esteblished only efter the withdrawel cperation;
it alsc shows the resulting concentration when a batch of fuel 1s
added to a tank containing addltive~free water,

Under mcst cilrcumstances, loss of an additive with a dlstribu-
tisn coefficient of about 20, such ar xylidines, by extraction with
storege water will not be severe, Ixcessive loss of xylidines from
the fuel to storage water will occur when the tank contalns a ratilo
of xylidine-free water to fuel 1n excess cf about 4:1. Consequently,
use of a small batch of fuel remalning after the previous withdrawal
of 80 percent or more of the stored fuel end storage over additive-~
free water of a volume of fuel 20 percent or less of the tank volume
are tc be avolded.

The equations presented wlll apply only to the extent that the
assumptions made In deriving the equatinns pertaln to the particular
application. In practice, varylng temperature, varying gescline-~
water interfecs area, and varying frequency and quentity of additicns
and withdrawals of fuel make it prectlcally impossible to know the
exact distribution relati:nship of xylidines, cr any additive, between
the gasollne end weter phases at all tlmes, The equrtions, never-—
theleer, do provide useful approximations, :

SUIMARY CF RESULTS

The derived f-rmulas for estlmating the loss of water—soluble
additive in overwater gas~rline storege check resscnebly well with
the exmerlmental data avallable,

The estimated loss of xylidines from gasoline stored over water
for the conditi.ns of storage-system cperation indicated are es
fcllowa:
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PZRCENTAGE DECREASE OF ORIZINAL XYLIDINES CONCENTRATION IN GASOLINH
[Distribution coefficient, X = 20]

V~lume percentager ' Condition

of or;finai f::ik'—ﬁbntihnnns | Each batch removed, | Single batch
remalning in equilibrium} 10 percent of tenk | removed
_ | yolume
80 1 1 1
50 3 4 L
20 7 8 17
10 10 12 31
1 14 19 85
CONCLUSION

The data indicate that the losses of xylidines from gasoline
gtored over water wculd not be excessive provided thet not mcre then
80 percent of the fuel was replaced by xylidine-free water,

Alrerrnft Engine Research Laboratory,
Haticnel Advie~ry Committes for Aernmnautics,
Cleveland, Ohio, March 18, 1g9ul,
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